Generation of petawatt-class pulses with a nearly single-cycle duration or with a strongly asymmetric longitudinal profile using a thin plasma layer are investigated via particle-in-cell simulations and the analytical flying mirror model. It is shown that the transmitted pulses having a duration as short as about 4 fs (1.2 laser cycles) or one-cycle front (tail) asymmetric pulses with peak intensity of about 10 21 W/cm 2 can be produced by optimizing system parameters. Here, a new effect is found for the shaping of linearly polarized laser pulses, owing to which the peak amplitude of the transmitted pulse becomes larger than that of the incoming pulse, and intense harmonics are generated. Characteristics of the transmitting window are then studied for different parameters of laser pulse and plasma layer. For a circular polarization, it is shown that the flying mirror model developed for shaping laser pulses with ultrathin foils can be successfully applied to plasma layers having a thickness of about the laser wavelength, which allows the shape of the transmitted pulse to be analytically predicted.
I. INTRODUCTION
Interactions of ultraintense laser pulses with thin foils have been investigated for nearly two decades [1] [2] [3] [4] [5] . Based on this body of research, various interesting physical phenomena have been predicted and observed in laser-foil interactions, such as the generation of high harmonics [6] and attosecond xray pulses [7, 8] , in addition to the formation of relativistic electron mirrors [9, 10] and the acceleration of electrons and ions [11] , among others. One of these phenomena is laser pulse shaping using ultrathin foils, first proposed in Ref. [12] . The analytical theory for the shaping was originally derived for moderate laser pulse amplitudes [1] (sliding mirror model). Later, this theory was generalized for arbitrary amplitudes of the incoming pulse [13] (flying mirror model). Shaping enables few-cycle pulses with a high intensity to be produced, which are very promising for the generation of attosecond pulses [14] , the laser wakefield acceleration of monoenergetic electron bunches [15] , the generation of relativistic electron mirrors [10] , and coherent x-ray pulses [7, 8] , among other uses.
Laser pulse shaping with ultrathin foils is based on the use of relativistic nonlinearity and self-induced transparency [16] [17] [18] [19] [20] [21] [22] , which is induced by a field having an amplitude a 0 > 1, where a 0 = |e| E / m e ω 0 c; e and m e are the electron charge and mass, E and ω 0 are the electric field and frequency of the incident wave, and c is the speed of light in a vacuum. During this process, electrons achieve relativistic velocities in the wave, which leads to a decrease of the effective plasma frequency ω pef = ω p / √ γ , where γ is the average relativistic factor of the electrons and ω p = 4 π n e 2 /m; n is the electron density. This means that for ultrathin foils having a thickness * victorvkulagin@yandex.ru † hysuk@gist.ac.kr considerably smaller than the laser wavelength, the part of the laser pulse having moderate intensity is reflected and the high-intensity part is transmitted. Recently, it was shown that a nearly single-cycle pulse can be generated via the interaction of an ultraintense circularly polarized laser pulse with a thin foil [23] ; however, the decrease of the maximal amplitude was about 40%. An alternative way is to use an ultrafast-ionization shuttering for shaping laser pulses [24] . Few-cycle laser pulses can be also produced using an optical parametric chirpedpulse amplifier [25] , though there are strong limitations on the intensity increase in this case due to damage incurred by the optical components from the ultraintense few-cycle pulse.
In this paper, using one-dimensional (1D) particle-in-cell (PIC) simulations, we show that two scenarios for shaping the laser pulse using a plasma layer can be realized. In the first scenario, the transmitting plasma window closes in a short time after inducing the transmission, thereby producing a very short (up to single-cycle duration) transmitted pulse. In the second case, the transmitting plasma window can survive until the end of the incoming laser pulse, thus producing a strongly asymmetrical transmitted pulse with a very sharp front (up to one cycle) and a relatively long tail. In this second case, the reflected pulse has a smooth front and a sharp tail. A new effect was found for shaping the laser pulses having linear polarization, which increases the transmitted pulse maximal amplitude up to that of the incoming laser pulse and even higher (in contrast to shaping circularly polarized pulses, in which the amplitude can be decreased by 40% or more). The physical process behind this effect was identified as the transfer of energy from the longitudinal oscillations of electrons (pumped by the incoming pulse front) to the transverse electric field due to coherent electron radiation and the strongly nonlinear interaction in the presence of a laser pulse field.
This interaction vastly enriches the transmitted pulse by adding intense harmonics. The characteristics of the transmitting window are then studied for different parameters of the laser pulse and plasma layer. To shape laser pulses having a circular polarization, we show that the self-consistent flying mirror model developed earlier for ultrathin foils [13] can also be successfully applied to the case of plasma layers having a thickness of about the laser wavelength, thereby allowing the shape of the transmitted pulse to be analytically predicted. Finally, we confirm the 1D results via two-dimensional (2D) PIC simulations.
The remainder of this paper is organized as follows: Shaping laser pulses having linear polarization are presented in Sec. II. In Sec. III, results relevant for circularly polarized laser pulses are presented. Sec. IV then concludes the discussion.
II. SHAPING LASER PULSES HAVING LINEAR POLARIZATION

A. Guidelines for shaping and simulation parameters
For these simulations, a 1D version of the XOOPIC code [26] was used. The linearly y-polarized (circularly polarized) laser pulse has a Gaussian envelope with a full width at half maximum (FWHM) of τ l = 5.83 (w 0 = 3.5 for the 1/e level) and full duration of τ = 14 (all times are normalized by the laser period T 0 ), a peak amplitude of a 0 = 20, and a wavelength of λ 0 = 1 μm. The pulse propagates along the x axis and has a normal incidence at the plasma layer. The plasma consists of electrons and ions with an ion mass of m p = 1836 m e for protons or m c = 12.011m p for carbon ions. The thickness of the plasma layer is from 0.36λ 0 to 1.2λ 0 , with an initial electron density n 0 from 8n cr to 12n cr , in which all densities are normalized by the critical density n cr = m e ω 2 0 /4 π e 2 . Note that we used 800 grid points per λ 0 and 200 particles per cell in 1D simulations. Let us first consider the linear polarization case. Two modes are generally possible for laser pulse penetration into a target [27] . In the first mode, referred to as the hole-boring mode [28] , the electron density is so large (or the laser pulse amplitude is not high enough) that the ions generally move together with the electrons. In this case, a charged double layer is formed and a shock wave is usually launched [27, 29] . The electron density can be increased by many times here, so a relatively long time is needed in order to heat the electrons. The second mode, the anomalous penetration mode [27] , is realized for a moderate electron density (or high field amplitude). In this case, the ions cannot follow the electrons, and the double layer is absent. This mode is characterized by a moderate increase of the electron density and has a correspondingly shorter heating time prior to the start of transmission. According to our simulations, this mode generates transmitted pulses with shorter fronts so it is more appropriate for shaping. For this reason, in the sections below, we consider shaping only in the anomalous penetration mode.
During interaction, the front of the laser pulse compresses the electrons via a ponderomotive force, and the electron density is increased as seen in the left part of Fig. 1(c) [blue (solid gray) line]. Concurrently, electrons move violently in this region because of the Lorentz force. The large v × B term of this force generates a longitudinal motion and strong mixing of electrons in the fields of the incident and reflected waves. Hence, this case can be referred to as stochastic shaping. Then, the effective plasma density n eff = n e /γ decreases [red (dashed) line in Fig. 1(c) ; for γ , the average of the γ values for all electrons in each cell is used] and the laser pulse propagates into the plasma layer. The penetration velocity for the laser pulse front depends on parameters such as the electron density, the amplitude and form of the laser pulse envelope, ion charge, and ion-to-electron mass ratio [27] . A more detailed study of the penetration dynamics will be presented at a later time. After some time from the beginning of the interaction, referred to as the penetration time, the laser pulse front reaches the rear boundary of the target. To make transmission possible, the maximal amplitude of the laser pulse should be sufficiently high. In this case, all electrons in the plasma layer become hot enough for n eff to decrease below n cr , and the plasma becomes transparent [ Fig. 1(d) ; red (dashed) line]. The entire process usually lasts for several laser periods, so the target thickness does not increase considerably during this time.
The ion motion plays an important role in closing the transparent channel. Generally, the strong electrostatic force induced by the electron motion accelerates ions. However, if the ions are heavy, they cannot catch up with the electrons after passing the laser pulse maximum; therefore, the electron density grows up slowly, and a transparent channel exists for the total laser pulse duration. In the opposite situation, when the ions are light, they can easily follow the electron distribution and form a density peak [27] . As a result, when the laser pulse maximum passes and the laser pulse pressure decreases, the electrons return to the ions and their density increases. Finally, n eff becomes greater than n cr , and the transparent channel closes. The transmittance coefficient of the plasma layer (calculated as the total transmittance of all nontransparent cells, i.e., cells with n eff > n cr ) is shown in Fig. 1 increase at t = 7T 0 from the beginning of interaction (just when the laser pulse peak enters the plasma layer) and has a maximum of 97% near t = 9T 0 . As such, the top of the transmission is delayed for more than one period, with respect to the most intensive interaction of the laser pulse with the plasma layer (note that d = λ 0 for Fig. 1 ). In other words, the transparent channel exists for two periods of the laser pulse: from t ∼ 8T 0 to t ∼ 10T 0 . Figure 1 (a) shows the shape of the pulse after transmission through the plasma layer. The duration of the transmitted pulse is seen to be nearly single cycle (FWHM is ∼4 fs or 1.2T 0 ), which is almost 5 times smaller than the FWHM duration of the incident pulse.
From the consideration above, it becomes evident that to ensure that the the transparent channel closes reliably, it is necessary to realize a boundary regime between the anomalous penetration and hole-boring modes by choosing appropriate laser pulse and target parameters. On the other hand, the relation between the laser pulse duration and the time for opening the transmitting window (penetration time) is also important. If the target is too thin, the penetration time is considerably smaller than the laser pulse duration. In this case, the laser pulse is too intense after start of the transmission, and the channel cannot close until the intensity of the laser pulse considerably decreases. This case is shown in Fig. 2 (a) (d = 0.7 μm), where the generation of a strongly asymmetric pulse with a sharply rising front is presented, in which the peak amplitude can be reached in about one cycle. Here, the mechanism for the sharpening of the laser pulse front is the same as before, but the transmittance window remains open during the whole interaction time (the second scenario for laser pulse shaping). In this case, the tail of the transmitted pulse resembles the tail of the incoming pulse.
The features of shaping considered above can also be realized for heavier ions, e.g., for carbon ions. The transmitted pulse shaped with the carbon target is presented in Fig. 3 . Parameters for the shaping are as follows: a 0 = 20, d = 1.05λ 0 , and n 0 = 8n cr , and the target is considered to be fully preionized. Hence, from Fig. 3 , it can be concluded that the shape of the transmitted pulse is very close to that in Fig. 1(a) .
B. Characteristics for transmitting window
The characteristics of the transmittance window as functions of the incident amplitudes of the laser pulse and the thickness of the plasma layer are presented in Figs. 2(c) and 2(d). Note that when the amplitude of the pulse increases, the transition from opacity to transparency occurs earlier [ Fig. 2(c) ]. For the amplitude a 0 > 22, the transmission channel is maintained until the end of the interaction. There is no channel formation for the amplitude a 0 18. Laser pulses with an amplitude between 18 and 22 have a finite transmission channel, so the transmitted pulse duration is defined by the length of this channel. The transmittance of the plasma layer having different thicknesses is presented in Fig. 2(d) for a 0 = 20. Again, there is a threshold thickness d ∼1.2 λ 0 , and the range of thicknesses for generating the short pulse is λ 0 < d < 1.2λ 0 .
The role of initial electron density of the target is demonstrated in Fig. 4 (proton target). For n 0 = 8n cr , the first three periods of the transmitted pulse are similar to those in Fig. 1(a) [note that the dimensionless surface charge density Fig. 1(a) , Fig. 4(a) , and Fig. 4(b) ]. However, for n 0 = 8n cr , the transmission channel does not close, and an asymmetric pulse is generated. For n 0 = 12n cr , the transmission channel does not open at all. In this case, the hole-boring mode of interaction is realized, and the laser pulse is thus not able to heat the electrons strong enough to reduce the formed peak of the electron density below n cr . To make the target transparent in this case, the laser pulse amplitude has to be considerably increased. For even greater densities, larger laser pulse amplitudes are required, which makes it more difficult to realize in experiments.
Similar features can be obtained for other initial electron densities in the target and laser pulse durations. Short pulses can be generated if the shaping regime is at the boundary between the anomalous penetration mode and hole-boring mode. For a given electron density, this regime corresponds to a relatively narrow interval of laser pulse amplitudes; however, for each electron density, the corresponding amplitude of the pulse, which realizes this regime, can be found. The asymmetric pulses can be generated in either anomalous penetration mode or in hole-boring mode (for relatively long laser pulses with a high enough amplitude).
C. Increased intensity for transmitted pulse
We also found a very interesting effect pertaining to the interaction of a linearly polarized laser pulse with the plasma layer. Due to this effect, the peak intensity of the transmitted pulse can be equal or even higher than the initial laser peak intensity [cf. Fig. 1(a) ]. The evolution during transmission through the plasma layer for the 10th positive half cycle of the incident laser pulse [cf. the inset in Fig. 6(b) ], which produces the output half cycle with the maximal amplitude, is presented in Fig. 5 (for short, this half cycle is called a main peak below; note that in the incident laser pulse, it is not the peak with the largest amplitude). From this figure, it is clearly evident that the front of the main peak is amplified with the final amplitude almost two times greater than the initial amplitude of this peak, and the rear is depleted, and this process occurs because of the radiation of the electrons. Due to a small thickness of the plasma layer (less than λ 0 /2 after compression), the total transmission takes less than T 0 /2 for the main peak.
The transformation of the laser pulse intensity envelope during this interaction is presented in Fig. 6(a) and the evolution of the positive half cycle amplitudes is shown in Fig. 6(b) [only for the 8th positive half cycle with the maximal initial amplitude and two positive half cycles after it; cf. the inset in Fig. 6(b) ]. At first, the duration and maximal amplitude of the laser pulse decreases then, after the start of transmission, the amplitude increases with an almost constant duration. From Fig. 6 , it can be concluded that the part of the laser pulse from the beginning to the maximal amplitude is reflected and absorbed by the target electrons. After the most intensive part of the laser pulse has passed, the electrons reemit light and thereby increase the transmitted field. As a result, the maximal amplitude of the transmitted pulse is about 16% larger than that for the incident laser pulse, and this maximal amplitude belongs to the half cycle, of which the input amplitude is equal to 13. Also, from simulations, the energy of the input cycle producing the output cycle with the maximal amplitude is 1.9 times smaller than the total energy of the corresponding cycles in transmitted and reflected waves and 1.4 times smaller than the energy of the output cycle with the maximal amplitude. So the process of interaction cannot be represented as a simple transmission of some large-amplitude half cycles of the incident laser pulse through the transparent plasma layer.
The spectrum of the transmitted laser pulse is shown in Fig. 2(b) , together with the spectrum of the incident pulse. The figure shows a high level of harmonics, from which the second, third, and fourth harmonics are seen to be the most intense. However, the effect of increasing the intensity of the transmitted pulse cannot be solely related to the generation of harmonics. Indeed, the coherent wake emission mechanism cannot work for the normal incidence of the laser pulse [30] . And the other possible mechanism for generation of harmonics, the relativistic oscillating mirror model, is unable to fully explain the resulting increase of intensity for the transmitted pulse because the target is transparent and has the thickness of about λ 0 /2 at the time of transmission [ Fig. 1(d)] . Also, the increase of the cycle-averaged energy of the pulse during transmission indicates that generation of harmonics cannot be the main mechanism for the effect of the amplitude enhancement. The full analytical theory for this effect can be very complicated since several processes have to be taken into account, such as the longitudinal resonance (induced by the oscillating ponderomotive force) of the electrons in the ion field during changes of the effective plasma frequency from ω pef ω 0 (opacity) to ω pef < ω 0 (transparency), electrons bunching and radiation in the field of two counterpropagating waves, strong relativistic nonlinearity, the generation of intense harmonics through nonlinear interaction in the presence of the magnetic field of the laser pulse, and others.
One possible model explaining the increased intensity can be as follows. The incoming pulse front pumps the longitudinal oscillations of the electrons, which can store energy for a relatively long time (several laser periods) due to the presence of the Coulomb force created by the ions. The distribution of the electrons over their longitudinal velocity just before transmission of the main peak (t = 9.2T 0 ) is shown in Fig. 7 (β x = v l /c, where v l is the longitudinal velocity of an electron). This distribution shows that three groups of electrons are present in the layer: The electrons in the first group have relatively low longitudinal velocities, and in the other two groups, the electrons have relativistic velocities, which coincide with or are opposite to the laser pulse propagation direction. The last two groups of electrons provide for intensive longitudinal circulation of the electrons in the layer. The longitudinal motion of the electrons is governed not only by the laser pulse but by the Coulomb forces of the ions as well. Then, if the longitudinal momentum of the electron is considerably greater than mc, its longitudinal velocity β x = p x / 1 + p 2 x + p 2 y increases considerably when the transverse momentum p y becomes small during transmission of the laser pulse (here and below the momenta are normalized with mc). Note that for an electron, which is free and motionless before interaction with an electromagnetic wave, during interaction, transverse and longitudinal momenta tend to zero simultaneously, and there is no increase for the longitudinal velocity at that times. This effect is clearly seen in Fig. 8(b) , where the phase spaces x − β x and x − β y for the electrons are presented. The electrons enclosed with a red ellipse near x ≈ 15.3 have small transverse velocities β y and ultrarelativistic longitudinal velocities β x , which are greater than 0.999 for some of them.
In this situation, the ultrarelativistic electrons can interact effectively with the laser half cycle passing the target at this moment of time (note that the thickness of the target at the time of transmission is only about λ 0 /2, so every half cycle interacts with it one after another). The radiation field of an electron (which is an electron sheet in the 1D model) is defined by [13] 
where E ⊥± (x,t) and β ⊥ are the radiation and the transverse velocity of the electron sheet (minus and plus signs correspond to the right-and left-going radiation of the sheet correspondingly), t is the retarded time
andX(t ) is the longitudinal coordinate of the electron sheet. So if an electron has a relativistic longitudinal velocity, the radiation field increases considerably in the direction of this velocity (Doppler effect). In our case, there are electrons with β x 1 and β x −1, while the total number of electrons is fixed. Then, the total right-going radiation of two electron sheets with β x 1 and β x −1 is defined by
where the longitudinal gamma factor is
1 the radiation of two electron sheets moving relativistically in the opposite directions along x will be considerably greater than the radiation of two motionless sheets. Since for β ⊥ = 0 the radiation field is equal to zero, the peaks of the radiation field will be positioned near these points, where β ⊥ ≈ 0 and β x 1.
The radiation field of the electrons at t = 9.2T 0 (just before transmission) is presented in Fig. 8(a) [(blue (dark gray) line, increased by 90 times for better visibility] and in Fig. 5 [green (dark gray) line, increased by 15 times]. The radiation of the electron sheets supposing they are motionless along x is also presented in Fig. 8(a) [magenta (medium gray) line, also increased by 90 times]. These radiations were calculated by summation of radiation fields of all electron sheets in some cell obtained from Eq. (1) (note that this is the instant radiation and it does not equal the total radiation of the plasma layer at t = 9.2T 0 ). From Fig. 8(a) , one can conclude that, generally, there are two sources producing high-amplitude radiation. One source of radiation is formed in the region, where the electron density is maximal [radiation of the electrons from x 15.7 to x 16 in Fig. 8 , also marked with the red ellipse in Fig. 8(b) ]. This source is motionless along x (or moves slowly as a whole with the ion velocity) so the role of the longitudinal velocity is not very important here [the radiation field of this source is approximately equal to the radiation of the same sheets calculated for β x = 0; cf. blue (dark gray) and magenta (medium gray) lines in Fig. 8(a) ]. Because of the very small dimensions of the radiation source (less than λ 0 /2), it can radiate coherently.
The second radiation source is formed by the electron sheets, which are near the point where β y ≈ 0 and β x ≈ 1 (from x 15.2 to x 15.4 in Fig. 8) . Here, the role of the longitudinal velocity is very important, and the radiation field of this source is considerably greater than the radiation of the same sheets calculated for β x = 0 [cf. blue (dark gray) and magenta (medium gray) lines in Fig. 8(a) near point x = 15.3]. The maximal amplitude of the radiation of this source can be comparable to or even larger than the maximal amplitude of the first source radiation in spite of the smaller electron density. Usually, the dimension of this source is considerably smaller than the dimension of the first source, so it can also radiate coherently.
Because of conservation of the transverse component for generalized momentum, the dimensionless transverse momentum of each electron is equal to a total vector potential A (normalized by mc 2 /e) of a standing wave formed by the right-going and reflected waves estimated at the position of this electron. So the position of each point where A = 0 and β y = 0 is defined by the vector potential solely and, thus, the radiations of all electrons near this point have the same phase, which is determined by the vector potential [in spite of different longitudinal velocities of the electrons; cf. blue and black lines in Fig. 8(a) ]. Before transmission, the points of A = 0 move slowly to the right because the reflected wave has a decreased frequency (due to acceleration of ions and slow motion of the boundary). In this case, the radiation field of such a point cannot sum up coherently and grow in time so the amplitude of the total radiation is small. When transmission starts, the structure of the field changes, and the reflection of the plasma layer decreases considerably. The radiation of the first source is permitted to go out of the plasma layer. Also, after start of transmission, the points of A = 0 inside the plasma layer start to move together with the right-going wave so the radiation sums up coherently in time and the wave increases during propagation. When the radiations of two sources add in phase the amplitude of the transmitted wave increases as in increases, then during high transmittance, it decreases; after closing the transmitting window, it increases again [dashed blue line in Fig. 1(b) ].
It is also interesting to note that the maximum of the transmitted pulse spectrum is shifted to a higher frequency with respect to the maximum of the incident pulse spectrum (by 7%), which corresponds to the velocity of the laser pulse front during the start of the transmission. Accordingly, the third harmonic has maximum at about 3.22ω 0 . This occurs because the radiation of the plasma layer is synchronized by the vector potential, the spatial structure of which forms inside the layer and moves together with it.
D. 2D PIC simulations for shaping laser pulses having linear polarization
We performed 2D PIC simulations to investigate the effects of higher dimensions. For this task, a simulation box having dimensions of 30λ 0 along the x direction and 100λ 0 along the y direction was used. The size of the grid mesh was (λ 0 /100) × (λ 0 /50). Here, a linearly y-polarized laser pulse with a Gaussian envelope was used for propagation along the x axis. The pulse duration was τ l = 5.83 at FWHM, the peak amplitude was a 0 = 20, the FWHM intensity spot size was 23.5λ 0 , and the incidence was normal. Here, a plasma layer with density of n 0 = 10n cr was located from 15λ 0 to 16.7λ 0 . Note that we used a thicker plasma layer to account for deformation of the foil caused by the 2D hole-boring process. As seen in Fig. 9(a) , the FWHM duration of the transmitted pulse is about 4 fs (1.2T 0 ), which is almost identical to the 1D case. The transverse FWHM spot size of the transmitted pulse is 6λ 0 , which is about four times smaller than the incident spot size. The maximal amplitude of the transmitted pulse is 10% larger than that for the incident laser pulse. Therefore, we could also confirm the increase of amplitude for the 2D case.
Similar results were obtained for the shaping laser pulses having an FWHM spot size of 12λ 0 , interacting with a foil having the same thickness, d = 1.7λ 0 . For smaller spot sizes, a decrease of the foil thickness might be necessary to recover the same results for shaping.
III. SHAPING CIRCULARLY POLARIZED LASER PULSES
For shaping circularly polarized laser pulses, distributions of the electron density are regular and very different from those of linearly polarized laser pulses [Figs. 10(c) and 10(d)]. For circular polarizations, the ponderomotive force acts only in the forward direction such that the heating of the electrons is almost suppressed; therefore, this case can be referred to as dynamic shaping. During this interaction, the plasma layer can be compressed to about a skin depth. Concurrently, due to the relativistic increase of the electrons' mass in the plasma layer, the effective skin depth increases. Then, when the skin depth becomes larger than the compressed thickness of the plasma layer, transmission begins and lasts until there is a decrease in the intensity of the incident laser pulse and a corresponding decrease of the effective skin depth. For this reason, the transmitted pulse can be considerably shorter than the incident pulse [23] , as shown in Fig. 10(a) . After compression of the electrons, the process of shaping becomes very similar to that for ultrathin foils, as described by the flying mirror model [13] . Indeed, full compression (and correspondingly, high transmission) is possible only when the laser pulse amplitude becomes greater than the parameter α (the part of the pulse above the line for α in Fig. 11) , so, automatically, before achieving transmission, the plasma layer has to be compressed to the thickness of an ultrathin foil, and this is the range of validity for the flying mirror model. Predicted envelopes of the transmitted pulse from this model are presented in Fig. 11 (26) of Ref. [13] ], though symmetrical, allows us to obtain simple estimates for parameters of the transmitted pulse. Therefore, it can be inferred that this model gives a reasonable description of the shaping process. As such, the increased duration of the predicted envelope can be explained by the stronger suppression of the pulse front by the plasma layer (in contrast to the ultrathin foil) and by the motion of ions (not accounted for in the flying mirror model).
A circularly polarized pulse with a sharp rising front (peak amplitude is reached at nearly one cycle) can be also produced during shaping with a sufficiently thin plasma layer [ Fig. 10(b) ]. The shaping process for the front of the transmitted pulse here is very similar to that for the short transmitted pulse. However, at some threshold amplitude, the foil is destroyed abruptly [ Fig. 10(d) for t = 7T 0 ]. After destruction, the electrons return to their ions and the electron density greatly decreases such that the amplitude of the transmitted asymmetric pulse is about that of the incident one. Also, due to longitudinal oscillations of the electrons after destruction of the foil, one can find here some features which are typical for the shaping of the linearly polarized laser pulses (e.g., the amplitudes of some half cycles in the transmitted pulse can be larger than the maximal amplitude of the incident pulse).
IV. DISCUSSION OF RESULTS AND CONCLUSIONS
Although the transmission mechanisms are different for linear and circular polarizations, two types of transmitted pulses (nearly one cycle and strongly asymmetric) can be generated for both cases by changing only the thicknesses of the plasma layer. For short transmitted pulses, the amplitude for the circular polarization is about two times smaller than the amplitude for the linear polarization; at the same time, both amplitudes have similar values for strongly asymmetric pulses. Also, in the linear polarization case, strong harmonics are generated, whereas for the circular polarization the intensity of harmonics is very small [ Fig. 2(b) ]. For the shaping of circularly polarized laser pulses, the amplitude of the incident pulse should be larger than the value of parameter α for the foil. In this case only can the amplitude of the transmitted pulse be considered reasonable. For linearly polarized laser pulses, parameter α does not play such a crucial role; i.e., the amplitude of the incident pulse can be smaller than α and good shaping is still possible (cf. Fig. 1) .
For a practical realization of the shaping procedure described above, relatively low densities of the target are necessary, n 0 ∼ (10-20)n cr . These densities can be produced in principle via a special preparation of the target. First, a laser pulse of a subrelativistic intensity should interact with a nanofilm target. This interaction will warm the electrons in the target, thereby expanding the target and reducing the electron density. Then, after some time, the main laser pulse can be launched at the target. Such a preparation for the target can also be performed with a controlled prepulse from the main laser pulse. To facilitate the adjustment of the laser pulse amplitude with the electron density of the produced plasma layer, it is possible to change in experiment the amplitude of the main laser pulse (e.g., by defocusing or decompression) keeping the electron density constant (i.e., with the same preparation procedure for the target) until achieving the desired result for the laser pulse shaping.
The shaping of the laser pulses with thin films is likely to be the most effective for a super-Gaussian transverse-shaped laser pulse. In this case, the power of the transmitted pulse will be maximal. Also, for super-Gaussian laser pulses, the spatial fluctuations of the amplitude in the focal spot will be decreased, as modern petawatt-class laser installations offer the possibility for generating flat-top laser pulses with field amplitude fluctuations of less than 6.5% in the laser spot [31] , achieved via the nonlinear processing of the pulse inside the system. In summary, we have shown that petawatt-class laser pulses with nearly single-cycle duration or with a strongly asymmetric longitudinal profile can be generated using a thin plasma layer. In this study, a new effect was found for the shaping of linearly polarized laser pulses. Owing to this effect, the peak amplitude of the transmitted pulse can be not smaller than that of the incoming pulse (and even larger), which is very important for numerous applications. For the shaping laser pulses having circular polarization, it was also shown that the flying mirror model can be effectively used to predict the shape of the transmitted pulse.
